Abstract The landscape genetics framework is typically applied to broad regions that occupy only small portions of a species' range. Rarely is the entire range of a taxon the subject of study. We examined the landscape genetic structure of the endangered Point Arena mountain beaver (Aplodontia rufa nigra), whose isolated geographic range is found in a restricted (85 km 2 ) but heterogenous region in California. Based on its diminutive range we may predict widespread gene flow and a relatively weak role for landscape variation in defining genetic structure. We used skin, bone, tissue and noninvasively collected hair samples to describe genetic substructure and model gene flow. We examined spatial partitioning of multilocus DNA genotypes and mitochondrial DNA haplotypes. We identified 3 groups from microsatellite data, all of which had low estimates of effective population size consistent with significant tests for historical bottlenecks. We used least-cost-path analysis with the microsatellites to examine how vegetation type affects gene flow in a landscape genetics framework. Gene flow was best predicted by a model with ''Forest'' as the most permeable, followed by ''Riparian''. Agricultural lands demonstrated the highest resistance. MtDNA data revealed only two haplotypes: one was represented in all 57 individuals that occurred north of the east-west flowing Garcia River. South of the river, however, both haplotypes occurred, often at the same site suggesting that the river may have affected historical patterns of genetic divergence.
Introduction
The discipline of landscape genetics provides an approach to evaluate animal movement and gene flow in complex landscapes (Manel et al. 2003) . Most current landscape genetic efforts, however, evaluate landscape impacts on gene flow across broad spatial extents but only include a small portion of a species range (e.g., Broquet et al. 2006; Coulon et al. 2004; Epps et al. 2007; Wang et al. 2009 ). It is uncommon to evaluate the entire range of a taxon, particularly when it is small. Under these circumstances it is often assumed that moderate movement will lead to relatively good mixing of genes. In this study we examine the landscape genetic structure of the Point Arena mountain beaver (Aplodontia rufa nigra) whose entire range is small but the landscape itself is very heterogeneous, potentially highlighting the importance of landscape vegetation structure across small scales.
The mountain beaver is the only extant member of the monotypic genus Aplodontia, first described by Rafinesque in 1817 (Taylor 1918) . The Point Arena mountain beaver (A. rufa nigra) is one of 7 recognized subspecies (Hall 1981) and occurs in coastal California (Mendocino County; Fig. 1 ). It occupies a small, 85 km 2 , geographic range and is disjunct from the 3 other subspecies in California (Camp 1918; Steele and Litman 1998; USFWS 1998; USFWS 2009) . Aplodontia rufa nigra was listed as ''Endangered'' by the U.S. Fish and Wildlife Service in 1991 under the Endangered Species Act due to threats posed by land conversion for agriculture, urban development, construction of transportation and utility corridors, livestock grazing, human disturbance, and other factors, combined with its highly restricted distribution (USFWS 1991) . The taxon may have been more widely distributed prior to the development of livestock grazing in the region, which is presumed to have reduced the extent of historical coastal scrub habitat and contributed to the limited distribution of relatively few populations with few individuals (USFWS 1998) . Several conservation documents have called for the evaluation of substructure within the Point Arena mountain beaver (USFWS 1998; USFWS 2009) .
Although the geographic range of the subspecies is small, the Point Arena (PA) mountain beaver occupies varied habitats within its range. Near the coast it occurs in shrub and grasslands (Zielinski et al. in review) and inland it occurs in forest openings and near streams (Billig and Douglas 2007) . These two habitats are often separated by intervening agricultural and range lands that are typically unsuitable. Given these circumstances, we hypothesize that if there was significant genetic substructure within the subspecies it might be revealed by examining the partitioning of genetic variance between western (coastal) and eastern (forest) populations that included a north-south sampling gradient. We also posit that if the subspecies is limited by the availability of water, as suggested by some previous research (Feldhamer et al. 2003; Gyug 2000; Nungesser and Pfeiffer 1965) , and occurs primarily along streams (regardless of vegetation type), that gene flow would be influenced by the streamcourse or watershed where samples were collected. We test alternative models where gene flow is affected by landscape features such as vegetation type, anthropogenic disturbance, and streamcourse. We then model the path of least resistance (the least cost path; Walker and Craighead 1997) for each of several landscape resistance hypotheses. This will help address one of the key PA mountain beaver recovery criteria: the determination of ''population interconnectivity, travel, and dispersal habitat'' (USFWS 1998) and the protection of those lands identified as critical for connectivity.
Methods

Field methods
We consulted maps of the known distribution of PA mountain beaver, developed by the US Fish and Wildlife Service from a variety of non-systematic sources (J. Hunter, pers. comm.) , to determine potential sampling sites from across the PA mountain beaver's geographic range. Many locations are on private lands, so we could only access a subset of them. We attempted to sample from the eastern, western, northern and southern portions of the range as well as to include coastal and the inland regions of all the major east-west oriented stream systems within the subspecies' range: Mallo Pass Creek, Alder/Owl Creek, Garcia River/Hathaway Creek, Point Arena Creek and Moat Creek (Fig. 1) . These samples were combined with more abundant samples from our primary ecological study areas in Manchester State Park (MSP): Kinney Beach and Alder Creek (Zielinski et al. in review) , and from other locations in MSP, to create the range-wide survey database (Table 1) .
Two methods were used to collect DNA samples: hair snaring and direct capture. Hair snare sample collection was developed during the course of estimating PA mountain beaver population sizes during the fall at 2 sites within Manchester State Park (Zielinski et al. in review) . A snare was a gun-cleaning brush wired to a small landscape stake and inserted into the lateral wall of a burrow; 2 snares were placed in each burrow, on opposing sides. We placed a piece of apple on the burrow floor, between the snares, to increase the efficiency of snaring hairs (Zielinski et al. in review) . Hair snaring outside of the park populations was conducted in a similar manner, except that snaring occurred at all times of year and the frequency at which snares were checked was less regulated. Samples collected from both snares in a single burrow were pooled. All samples were labeled in the field and placed in a silica gel indicator desiccant (Sorbead Orange or Blue to Pink, eCompressedair, Tulsa, Oklahoma, USA) within 24 h of collection.
We also collected hair and ear tissue punches directly from animals captured in live traps. Samples came from this source during our original field research, in 2004 and 2005, which involved live capture of all study animals, and again during the spring of 2009. The latter effort was an attempt to determine whether it was more efficient to collect hair or tissue directly from animals in hand, than to sample DNA from snared hair samples. Bone samples were collected when skeletal remains were discovered in the field.
The locations where animal samples were collected were assigned a geographic location based on the degree of accuracy obtained during field work. Universal Transverse Mercator (UTM) locations for individuals at our population study sites in Manchester State Park were obtained using a Trimble GeoExplorer II GPS device with accuracy ±2 m. All other locations were determined using a Garmin GPS device with accuracy ±10 m. For some analyses, when locations of individual samples occurred within a 1-2 ha area they were combined and referred to as originating from one of 17 locations that we refer to as PA mountain beaver ''sites'' (Fig. 1) .
Laboratory methods
We extracted DNA from tissue and hair samples using the QIAGEN DNEASY tissue kit (QIAGEN Inc., Germany) and manufacturer protocols. A hair sample comprised hairs pooled from both snares at a single burrow. The number of hairs ranged from one to hundreds, but were typically [10. When a hair sample included greater than 10 hairs, we selected 10 hairs with intact follicles; when there were\10 hairs we extracted the entire sample assuming that the hairs from each pair of snares were deposited by a single individual (Zielinski et al. in review) . There were no instances of 3 alleles at a locus, which would have been indicative of multiple individuals. Samples that successfully amplified used an average of 6.6 (SD = 3.2) hairs per extraction, while those that failed used 5.0 (SD = 3.5) hairs (Zielinski . Bone samples were extracted in a separate facility following recommended protocols. For a pilot set of samples (n = 20), we sequenced the cytochrome b region of mitochondrial DNA using primers CanidL1 and H15149 (Kocher et al. 1989; Paxinos et al. 1997) to test species identification. The reaction volume (50 ll) contained 50-100 ng DNA, 19 reaction buffer (Perkin-Elmer, Waltham, Massachusetts, USA), 2.5 mM MgCl 2 , 200 lM each dNTP, 1 lM each primer, and 1 U Taq polymerase (Perkin-Elmer). The PCR program was 94°C/5 min, [94°C/1 min, 50°C/1 min, 72°C/1 min 30 s] 9 34 cycles, 72°C/5 min. Subsequently, we separated mountain beavers from other species that use their burrows by screening with 3 polymorphic microsatellite loci developed specifically for mountain beavers (Pilgrim et al. 2006 ). This approach saved resources by avoiding an initial species identification test since DNA of species other than mountain beaver fails to amplify with these primers. Samples that amplified successfully were then genotyped at 6 additional loci (Pilgrim et al. 2006) . DNA was amplified with polymerase chain reaction (PCR) using a reaction volume of 10 ll containing 2.0 lL DNA, 19 reaction buffer (Perkin-Elmer), 2.5 mM MgCl 2 , 200 lM of each dNTP, 1 lM reverse primer, 1 lM dye-labeled forward primer, 1.5 mg/ml BSA, and 1U AmpliTaq Gold polymerase (Applied Biosystems, Carlsbad, California, USA). The PCR profile was 94°C/5 min, [94°C/1 min, X°C/ 1 min, 72°C/30 s] for 45 cycles, where X is a primer- Pilgrim et al. (2006) . PCR products were run in a 6.5 % acrylamide gel for 2 h on a LI-COR DNA analyzer (LI-CORBiosciences, Inc., Lincoln, Nebraska, USA). Sex determination was performed using the zinc-finger region of the X and Y-chromosomes amplifying with general mammalian primers (García-Muro et al. 1997 ) and a sex-specific test developed for mountain beavers (Pilgrim et al. 2012) . After the amplification of the 9 loci, we assessed which hairs represented unique individuals, using the recapture function in the program Dropout (McKelvey and Schwartz 2005; Schwartz et al. 2006) . We amplified only the unique individuals with an additional 3 loci (ArE04F, ArA08F, and ArG05F) using the protocols described in Piaggio et al. (2009) .
Microsatellite data
We tested microsatellite genotypes for departures from Hardy-Weinberg (HW) equilibrium at each locus using Fisher's exact test in GENEPOP 4.0 (Raymond and Rousset 1995; Rousset 2008) . We used GENEPOP to calculate observed and expected heterozygosity and F IS and FSTAT (Goudet 2001 ) to estimate genetic differentiation among groups. F ST was calculated according to the method of Weir and Cockerham (1984) , a method that is unbiased by sample size effects. We used two different clustering methods to group samples according to their genetic similarity. First, as an exploratory analysis, we counted the number of alleles that were different between all pairs of individuals. We used this measure of genetic difference in a principal coordinates analysis (PCA) conducted in GENALEX (Peakall and Smouse 2006) and examined the graphical output for obvious cluster patterns. Secondly, we used program STRUCTURE (v2.3.3; Falush et al. 2007 ) to estimate the number of multilocus genetic groups (k) in our sample and to assign individuals to these groups. STRUCTURE assigns individual multi-locus genotypes to population groups, minimizing Hardy-Weinberg deviations and linkage disequilibrium. We used an admixture model in STRUCTURE with correlated allele frequencies to test for the number of genetic groups (between 1 and 10). We used a ''burn in'' of 100,000 Markov Chain Monte Carlo repetitions to ensure that the log likelihood values became stable and the results were consistent among duplicate efforts (Pritchard et al. 2000) . We then evaluated the fraction of each individual genome (Q) and its relationship to each of k groups, assigning individuals to a group if their individual Q exceeded a natural break in the distribution of these values (e.g., McDevitt et al. 2009 ). Once we identified the number of groups, and their members, we estimated pairwise F ST values among the groups to evaluate the levels of intergroup similarity. Finally, we visualized the population structure results using program DISTRUCT (Rosenberg 2004) .
We also explored genetic variation using a priori classification of individuals to one of the 17 different geographically separate entities, referred to as ''sites'' (Table 1 ; Fig. 1 ). Because mountain beavers tend to occur in spatially distinct groups across a landscape or region (Arjo et al. 2007; Beier 1989) we expected individuals from these distinct locations to be more genetically similar to one another. Thus, we expected to more effectively evaluate genetic substructure across the geographic range using this level (i.e., the site) of clustering. Sites averaged 8.29 individuals (range 1-51 [Kinney population]; Table 1 ). We used principal components analysis to explore genetic grouping (as implemented in program PCAGEN; Goudet 1999) among the sites.
Mitochondrial data
We used universal mammalian primers L15926 and H16498 (Kocher et al. 1989; Shields and Kocher 1991) to amplify approximately 800 bp of the left hypervariable domain of the control region from six tissue samples. Internal primers were designed specifically to Aplodontia sequences to amplify a 444 bp fragment; PAMB-L2 (5 0 -AGGTCAAGAAGAGGGACACG-3 0 ) and PAMB-R4 (5 0 -CCCAAAGCTGACATTCTATTT-3 0 ). The amplification reactions were carried out using the same volumes and cycling profile as described above for species identification. The quality and quantity of template DNA were determined by 1.6 % agarose gel electrophoresis. PCR products were purified using ExoSap-IT (Affymetrix-USB Corporation, OH, USA) according to manufacturer's instructions.
DNA sequence data was obtained using the Big Dye kit and the 3700 DNA Analyzer (ABI; High Throughput Genomics Unit, Seattle, WA, USA). Primers used for amplification were also used for single-stranded cycle sequencing reactions. Sequences were viewed and aligned with Sequencher (Gene Codes Corp. MI, USA).
Geographic Information System (GIS) analysis
We plotted the locations associated with each of the k multilocus genetic groups in ArcMap (ESRI, Redlands, California, USA) and visually assessed whether these groupings corresponded to watersheds or vegetation cover types. Eight watersheds were identified by assigning each of the streams where we collected samples into one of the Calwater watersheds (California Interagency Watershed Mapping Committee, Davis, California, USA). Thus, all watersheds had at least one sample location. Streams were assigned to a watershed via visual inspection of digital orthophoto quads and were identified using CalWater Version 2.2.1 (1999; http://cain.ice.ucdavis.edu/calwater/) (Fig. 2a) .
A vegetation GIS layer was used to relate gene flow to landscape vegetation features. The source vegetation GIS layers (fveg02_2, cveg98_2_23; Land Cover Mapping and Monitoring Program, California Department of Forestry and Fire Protection, Sacramento, California, USA) included 17 vegetation types identified using the CWHR (California Wildlife Habitat Relationships) system. The vegetation data were based on imagery from either 1998 or 2002 and used a1-ha minimum mapping unit (for details: http://frag.cdf.ca. gov/projects/land_cover/index.html). Each of the 17 CWHR types was reclassified as belonging to one of four vegetation types (Riparian, Forest, Grass/Shrub/Forbs and Non-Habitat; Table 2 ; Fig. 2b ). These aggregate categories were created to simplify the analysis by maximizing among-type differences in habitat structure. For example, CPC [Closed Cone Pine-Cypress] was assigned to Forest and CRP [Crops/ Agriculture] was assigned to Non-Habitat. The Riparian type included two dominant streamside vegetation types, Montane Riparian and Valley Foothill Riparian, but in some of our model runs we also included as Riparian the 30-m pixels where streams occurred, based on a statewide hydrology GIS layer (Teale Data Center and California Fish and Game 1998), regardless of vegetation type. We plotted the locations of each of the individuals for which a haplotype was b Vegetation types within the range of the Point Arena mountain beaver with the locations of the 17 PA mountain beaver sites noted as symbols and identified using their abbreviations. Different symbols (cross, circle or diamond) represent membership in one of the 3 groups identified by program STRUCTURE. Numbers in parentheses indicate the number of individuals sampled at each site identified on the background of the major stream systems in the study area, assuming that topographic variation would most likely affect the historical gene flow.
Bottlenecks and effective population size (N e )
We applied two tests to identify bottlenecks (as implemented in program BOTTLENECK; Piry et al. 1999 ) on two groups from the multilocus genetic data: (1) the groups identified as distinct by program STRUCTURE and (2) the sites with C9 individuals sampled (n = 6). The first test examined the shape of the distribution of allele frequencies; populations that have undergone a bottleneck will lose rare alleles and demonstrate an increase in frequency of common alleles (Cornuet and Luikart 1996) . The second test identified heterozygosity excess at mutation-drift equilibrium, a key genetic characteristic of demographically bottlenecked populations . The average expected heterozygosity at mutation-drift equilibrium was calculated using 1,000 replications assuming a two-phase mutational model . We ran simulations with 30 % multistep mutations in the two-phase model with a variance of 12. The observed heterozygosity was compared to the heterozygosity expected at equilibrium using a Wilcoxon signed-rank test .
We estimated N e for each of the PAMB sites with sample sizes C9, using a linkage disequilibrium based effective population size estimator (LDNE, Do 2008, 2010) . We also estimated N e for each of the k groups identified in our substructure analysis, excluding individuals that were not strongly assigned to a STRUCTURE group. We recognize that this approach may miss rare alleles and individuals that recently immigrated to a group, thus we also estimated N e using the geographic breaks identified with STRUCTURE (but including all individuals) recognizing that this may increase linkage disequilibrium due to population substructure and thus reduce N e . However, we felt that comparing estimates from a priori groups with the larger geographic regions identified by STRUCTURE may also inform our view of the estimates of N e . The larger geographic regions, wherein all individuals were included, were referred to as: ''north of Alder Creek'', ''between Alder Creek and the Garcia River'', and ''south of the Garcia River'', and roughly correspond to the regions specified by the results from STRUCTURE. We used LDNE under both the random mating and monogamy models only for alleles with frequencies C0.05 to avoid bias associated with extremely rare alleles. The 95 % confidence intervals were estimated assuming a parametric distribution, although estimates using a jack-knife approach were very similar (data not reported). N e estimates often can vary positively with sample size (Palstra and Ruzzante 2008) , but the LDNE method accounts for this effect.
Modeling gene flow
We used least-cost path modeling (Walker and Craighead 1997) to evaluate the effect of landscape vegetation features on genetic structure. First, we calculated Euclidean (straight line) distances among the sites. We then evaluated a limited number of ecological hypotheses about the relative ease with which mountain beavers move through different vegetation types. We restricted the number of models we evaluated due to concerns that too many models can lead to spurious inference and limited our a priori hypotheses to prevailing theories about the movements of mountain beavers. We tested these with models and used the initial results to hierarchically test a second set of models to refine parameters. Each of these models resulted in an ''ecological distance'' among the sites. Ecological distance specifies the least-cost path given alternative models for movement among vegetation types. We used matrix regression (the ''ecodist'' package in R) to examine the relationship of Euclidean distance, genetic distance, and ecological distance (as specified by the alternative ecological hypotheses) when applied to pairs of sites. This allowed us to determine whether ecological or Euclidean distance had a stronger relationship to genetic distance.
Alternative models for ecological distances were generated from a set of 16 different resistance scenarios by varying the relative resistance values for the vegetation types in a hierarchical manner (e.g., Table 3 ). We initially ran models 1-4 (Table 3 ) and, based on these results, (Hacker and Coblentz 1993) . All other landscape features were classified as NonHabitat using resistance values ranging from 1 to 30. The extremely low values for Non-Habitat were included to test the logic of our assumption that these are inhospitable cover types. If this assumption is correct, low values should not yield supported models. We ran least cost path analyses among all pairs of individuals, informed by each of the resistance scenarios, using the function COSTDISTANCE in ArcGIS (ESRI 2003) . We also explored the effect of sample size per site on the results by using only those sites with three or more individuals (n = 9) and sites with nine or more individuals (n = 6).
The null hypothesis of isolation by distance is characterized by the relationship between pair-wise genetic distances and the logarithm of geographic distances (Rousset 2000) . This relationship was tested via matrix regression and using partial Mantel tests. Partial Mantel tests were used to test for the effects of landscape features, when controlling for geographic distance, and vice versa.
Results
Microsatellite variation
A total of 1,353 samples were collected (55 tissues, 1,295 hair samples and three samples from bone). We obtained complete genotypes for the 55 tissues. Only 373 (28.8 %) of the hair samples produced completed genotypes, although this was probably due to the initial inclusion of hairs from non-target species in the sample pool (for example, in a pilot study of 20 hair samples sequenced using the cytochrome B region to identify species, nine (45 %) were from brush rabbit [Sylvilagus bachmani]). We were also able to successfully genotype two of three of the bone samples (66.7 %). In total, we were able to identify 141 unique individual PA mountain beavers. Of these, 84 (59.6 %) were solely identified using samples from hair snares, 55 (39.0 %) were identified from tissue samples and two individuals were identified from bone (skull) samples.
Most of the samples came from the study sites in Manchester State Park (Kinney Beach and Alder Creek; see Zielinski et al. in review) and the majority of the samples from outside the park were in the central and southern portion of the geographic range (Table 1; Fig. 1 ). Sex ratios were relatively even in most locations (Table 1) .
Treating the entire sample as one population, we found 48 distinct alleles (average = 3.69 per locus, range 2-7) and allele frequencies that showed significant deviations from Hardy-Weinberg proportions at 7 of 13 loci (A1, A114, B8, C3, ArA08F, ArH04F, and ArG05F) suggesting the existence of population subdivision. Global tests for heterozygosity deficits were significant (P \ 0.0001) and the global F IS was 0.208. When we divided the sample into the 17 sites, only the Kinney Beach site was out of Hardy-Weinberg proportions, driven by deviations at locus A1 and C3 (F IS 0.301 and 0.069, P = 0.0058 and 0.0064, respectively). Pairwise F ST among the sites ranged from 0.047 to 0.499 (Table 4) , while a global F ST was 0.226 (SE = 0.031). Rerunning the analysis with only those 9 PA mountain beaver sites with [3 individuals still yielded all 48 alleles from the full dataset. The global F ST in this subset analysis was 0.229 (SE = 0.032). Pairwise F ST among these sites Considering all individuals separately, the first two axes in the principal coordinates analysis explained 54.6 % of the variation (axis 1: 36.9 %, axis 2: 17.7 %; Fig. 3 ). There was no conspicuous clustering of samples into groups at this level of analysis, although some individuals appeared to aggregate (e.g., the Alder Creek individuals and the Garcia River individuals). When we conducted the PCA clustering based on the 17 sites, they were best described by two significant axes which accounted for 64.2 % of the variation. Most of the southern and interior sites clustered and were separate from the Alder site group and a cluster that included the Kinney, Brush and Enviro sites (Fig. 4) .
Considering our STRUCTURE analysis, a total of 120 individuals had Q values that exceeded 0.74 (a natural break in the distribution of Q values) and, thus, could be assigned to a group. The most supported number of groups (k) was 3, based on the inflection point of the function that relates variance reduction to number of groups ( Figure S1 ; Supplemental Material). This was confirmed with graphical output ( Fig. S2 ; Supplemental Material). The 3 groups included: (1) a ''Southern and Interior'' group composed of individuals from Moat Creek, Point Arena Creek, GarciaHathaway Creek, and the Garcia River watersheds but also including Mallo Pass and Alder/Owl Creek watersheds in the north; (2) a ''Central'' group that consists largely of the Kinney Beach individuals in the Brush Creek watershed; and (3) a ''Northern Coastal'' group that consists largely of the individuals at the Alder Creek site. There was no clear pattern of relationship of group to vegetation type, nor to watershed (Fig. 2a, b) . Most notably, there was no segregation of genotypes by distance from the coast. Nearcoastal sites, which are most often dominated by non-forest types, were not always in the same groups (note Alder and Kinney, for example). However, many of the interior sites, which were typically in forested areas, tended to be in the same group regardless of their watershed (Fig. 2b) .
When we calculated F ST among STRUCTURE groups and produced an average F ST per population, the Northern Coastal group had a distinctly higher F ST value (0.56) than the other groups and also had the higher values for pairwise F ST values (Table 5) .
Mitochondrial variation
We amplified a 444 bp fragment of the control region in 85 individuals. There were six variable sites in this region; all were substitutions (5 transitions and 1 transversion) and no insertions or deletions were detected (Table 6 ). Two haplotypes were identified: PAMB-A and PAMB-B (GenBank accession nos. JX413593 and JX413594). Haplotype B was most common (in 73 individuals) and was detected in 13 of the 17 sampling sites (Table 6 ) and in the 3 groups identified by the STRUCTURE analysis. Haplotype A (in 12 individuals) was only detected in 6 sites, all south of the Garcia River. Both haplotypes were detected in 2 of the sites: GH-Center and GH-West. Haplotype A was not found north of the Garcia River. We are confident in this result after estimating that we had a 95 % chance of detecting this haplotype north of the river if it occurred there with a 5 % frequency, and a 68 % chance of detecting it if it occurred there with 2 % frequency.
Effective population size and bottlenecks
We estimated N e at the 6 sites with C9 individuals and in the 3 groups identified by program STRUCTURE (n = 120, as only those individuals that assigned to a cluster with a Q [ 0.74 were included). N e estimates were between 5.4 (GH-Central) and 11.7 (Alder) when random mating was assumed, and excluding estimates for which an upper 95 % confidence interval could be not be achieved (Table 7) . Using the STRUCTURE groupings produced estimates of 11.7 for the Northern Coastal group, 15.8 for the Central and 27.7 for the Southern and Interior group (Table 7) . Grouping by simply geography (i.e., north of Alder, north of Garcia and south of Alder, and south of Garcia) resulted in similar N e estimates, except they were substantially smaller for the region north of Alder Creek (Table 7 ). All estimates under the monogamy mating assumption were nearly double that of the random mating simulations. The bottleneck test results were consistent with the small effective population size estimates; Wilcoxon tests were significant for the Central, Northern Coast, and the Southern and Interior STRUCTURE groups (P = 0.00006, P = 0.00978, and P = 0.01331, respectively). The mode-shift test identified a bottleneck in the Central and Northern Coastal groups. The Wilcoxon results from each of the 6 a priori populations with adequate sample size detected bottlenecks in the Alder, Kinney, and the GH-Center sites (P = 0.013, P = 0.00006, and P = 0.04, respectively). There was a mode shift detected in each of the 3 groups as well.
Gene flow and landscape features
Our landscape genetic analysis, which focused on the 17 PA mountain beaver sites, showed that geographic distance did not explain genetic distance (r = 0.11, P = 0.10), suggesting that gene flow was better explained by some factor other than simply the distance between samples. All of our least cost-path models were significant and all but three of those models (models 2, 3, and 4) remained significant even after controlling for Euclidean (geographic) distance, indicating that landscape vegetation configuration was an important predictor of gene flow (Table 8) . None of the models comparing genetic distance against geographic (Euclidean) distance were significant when accounting for the least-cost paths (Table 8) . Although geographic distance was non-significant on its own (P = 0.07) our statistical results suggest that it did explain some of the genetic variation. Using only those PA mountain beaver sites with [3 individuals (Table S1 ; Supplemental Material) and 9 or more individuals (Table S2 ; Supplemental Material) produced similar patterns, but with stronger Table 6 Variable nucleotide sites within the left hypervariable domain of the control region for each of the two haplotypes. The nucleotide positions are numbered relative to the first nucleotide using primer L2 and consist of 444 base pairs. Table also includes ) had Forests with a resistance = 1, Riparian and Grass/Shrub/Forbs with a resistance = 5, and Non-Habitat with a resistance = 20 (r = 0.44, P = 0.03; partial mantel r = 0.62, P = 0.07). A number of other models fit the data nearly as well (Table S2 ; Supplemental Material), but most of these (i.e., Cost 7, 8, 10, 11, 12, 15 ) also specified Forests as having the lowest resistance value (i.e., 1). Thus, the distribution of genotypes within the geographic range suggests that Point Arena mountain beavers move through forest vegetation types more easily than other vegetation types or along riparian areas.
Discussion
Measures of contemporary and historical gene flow demonstrate significant structure in the small and isolated distribution of the Point Arena mountain beaver. The contemporary genetic structure appears mediated by differential gene flow affected by landscape configuration. We identified 3 genetic groups from our nuclear data samples: Northern Coastal, Central, and Southern and Interior. These are potentially important subdivisions within the subspecies and should be considered in future management decisions. Among the 3 groups, however, North Coastal, which primarily represents a small area on a bluff overlooking Alder Creek, was differentiated from others by its substantially higher F ST value (STRUCTURE F ST = 0.56) and higher F ST values when compared directly with other sites (Table 4) . Samples were not always easy to classify; 21 of the 141 samples (14.9 %) did not meet the threshold for assignment to any of the 3 groups. Thus, individual mountain beavers could not always be categorized as belonging to one of the multilocus groups. However, all of the individuals from the North Coast group assigned to this group, unlike members of the other 2 multilocus groups. Thus, there appears to be strong isolation between the animals that occupy the North Coast group compared to the individuals in other groups. The Alder Creek population is also very small; estimated to be less than 25 individuals (Zielinski et al. in review) and with an estimated effective population size of 11. These are very low numbers, characterized by some standards as representing a population in the most urgent need of conservation measures (i.e., ''Critical'' by Mace and Lande (1991) standards, for example).
Effective population sizes were small for all sites and all groups regardless of how we partitioned the samples, suggesting that they are all likely to experience the negative effects of genetic drift without additional gene flow (Lande 1994) . The point estimates of N e for almost all of the sites and groups are \50, which suggests that they are at risk of loss of evolutionary potential and inbreeding (Franklin 1980) . Many of the sites are isolated small populations, some of which may be comprised of family members. Particularly troubling are the relatively low effective population sizes for each of the 3 genetic groups identified by program STRUCTURE (range in estimates: 15-57; Table 7 ) and the low effective population sizes for each of the 3 genetic groups using the geographic breaks identified with STRUCTURE (but including all individuals; Table 7 ). These low N e estimates combined with the significant Fst results suggests isolation with high levels of genetic drift. The mtDNA data are intriguing, given that there are only 2 haplotypes and they are differentially distributed relative to the Garcia River. It is possible that this river was a barrier to movement and that genetic drift has eliminated haplotype A from north of the river. Alternatively, given that each haplotype is based on multiple substitutions, each may have evolved in independent refugia with unidirectional movement of only one of the haplotypes when they moved from these refugia. Piaggio et al. (unpubl. data) explored the phylogenetics of the mountain beaver using mtDNA variation and included samples from 8 of our individuals in their analysis. Among these they found a single cyt b haplotype and confirmed one of two of our CR haplotypes (our haplotype B). Piaggio et al. (unpubl. data) confirmed the veracity of A. r. nigra as a distinct, wellsupported clade. They also explored potential geographic barriers among the adjacent distributions of 4 mountain beaver subspecies in the Pacific Northwest and agreed with Gyug (2000) that large rivers may serve as barriers (e.g., Fraser River, Columbia River). The Garcia River is small by these standards, but may also have provided resistance to flow of individuals of haplotype A at some time in the past.
We suggest that each of the 3 genetic groups identified from the nuclear data analysis, and the 2 regions with distinct haplotype distributions may qualify as what Moritz (1994) defined as ''management units''; populations that have diverged and are connected by such low levels of gene flow that they are functionally independent. Management units are a logical entity for population monitoring and demographic studies (Moritz 1994) . Our results suggest that the group for which management status may be most justified is the Northern Coastal group (i.e., the Alder Creek population) because this group has lower microsatellite variation, is more isolated and occurs north of the Garcia River where there is a single haplotype represented. This population has, in fact, been the subject of annual population estimation and monitoring from 2006 to 2009 (Zielinski et al. in review) . Based on the results reported here, we recommend that this monitoring continue.
Our landscape genetics data revealed that gene flow in the Point Arena mountain beaver was better explained by landscape vegetation features than by geographic distance. Gene flow was predictably poor through areas we defined as Non-Habitat (i.e., Crops/Agriculture, Estaurine, Lacustrine, Urban). Most of the Non-Habitat types were pasture or other agricultural lands where we find very few PA mountain beaver burrows and expected very little movement. The genetic evidence suggests that Forest was the most permeable cover type. The intermediate permeability values for the Grass/Shrub/Forb type were expected, given that it includes grasslands, which are a relatively unique habitat type for mountain beavers (Feldhamer et al. 2003) . However, that Riparian was not the most permeable type was a surprise since mountain beavers are associated with areas near available water (Feldhamer et al. 2003; Nungesser and Pfeiffer 1965) and we expected that riparian areas provide the most likely corridors for movements and dispersal (as presumed for other species of burrow-dwelling mammals; e.g., Roach et al. 2001) . PA mountain beavers may be more amenable to cross-country travel through forest environments than we originally suspected. Perhaps this should be expected, given that throughout much of their range mountain beavers occupy openings in forests (Hacker and Coblentz 1993; Feldhamer et al. 2003) . These openings become less suitable as they succeed to closed canopy conditions, presumably forcing the occupants to search for other, newly created openings. Thus, mountain beaver life histories may include a dispersal phase that requires them to move through forests to find suitable habitat. Indeed, mountain beavers have been reported to move relatively long distances above ground, sometimes in excess of 300 m (Arjo et al. 2007; Lovejoy and Black 1979) .
We suspect that future studies of landscape genetics would benefit from including site-specific information about soil characteristics since this burrowing mammal is presumably distributed on the basis of soil depth, soil porosity and soil water-holding capacity (Beier 1989; Feldhamer et al. 2003) . The current soil map for the range of the PA mountain beaver has relatively large polygons, the boundaries of which were often described on the basis of vegetation boundaries (http://www.ca.nrcs.usda.gov/mlra02/wmendo/ index.html). Thus, we did not view it as a useful predictor of gene flow given that vegetation type was already included in our analysis. It is interesting to note, however, that two of the most distinct genetic nuclear DNA groups, the Northern Coastal group and the Central group, occur on the same soil type: Crispin Loam. Sampling soil characteristics at occupied burrow locations will be an important next step to understanding the full complement of features that may affect gene flow, as well as habitat selection in general.
Genetic analysis confirms that the PA mountain beaver is a taxon that continues to be vulnerable to the loss of additional populations. F ST values are relatively high, indicating considerable population subdivision and relatively low gene flow among sites. In addition, effective population sizes are low and most sites have experienced a significant population bottleneck in their past. For a metapopulation with these characteristics to persist, the risk of loss of these small populations must be counterbalanced by adequate migration and recolonization, similar to that described for metapopulations of other burrowing rodents (e.g., Roach et al. 2001) . Thus, human activities that limit dispersal among sites could disrupt this equilibrium. Because our landscape genetics analysis indicates that PA mountain beavers appear to move most readily through forests, activity that limits or fragments forest may be detrimental to the processes that maintain the extinction and colonization dynamics operating in this taxon. However, we expect that a significant amount of forest cover would need to be removed before this would occur, particularly since openings in forest created by natural or anthropogenic disturbance can provide important breeding habitat as well. Our results are based on the indirect inferences from the pattern of gene flow; it will also be important to study how individual Point Arena mountain beavers move through forest and non-forest habitats directly. Data describing the population dynamics within each of the genetic groups would also be useful. Such data will help us understand ecological factors that affect spatial phenomena that are not captured by genetic information alone.
